Abstract: β-1,3-1,4-Glucanase has been broadly used in feed and brewing industries. According to the codon bias of Pichia pastoris, the Bacillus subtilis MA139 β-1,3-1,4-glucanase gene was de novo synthesized and expressed in P. pastoris X-33 strain under the control of the alcohol oxidase 1 promoter. In a 10-L fermentor, the β-1,3-1,4-glucanase was overexpressed with a yield of 15,000 U/mL by methanol induction for 96 h. The recombinant β-1,3-1,4-glucanase exhibited optimal activity at 40
Introduction β-Glucanases are used to clarify the wort in the brewing industry (Laitila et al. 2006) and improve flour quality in the bread making industry (Haros et al. 2002) . The enzymes are also widely used as a feed additive to reduce viscosity of the chyme, which is often caused by β-1,3-1,4-glucan in diets (Campbell et al. 1989) .
β-Glucanases are typically produced by bacteria (Chen et al. 1992; Kim 2003; Akita et al. 2005; Kitamura & Kamei 2006) and fungi (Chen et al. 1997; Murray et al. 2001) . β-1,3-1,4-Glucanase gene from different sources has been cloned and expressed in Escherichia coli (Hinchliffe 1984; Teng et al. 2006) , Bacillus (Kim 2003) , Lactobacillus (Heng et al. 1997) , Escherichia faecalis (Ekinci et al. 1997) , and Saccharomyces cerevisiae (Cantwell et al. 1986; Chen et al. 1992 ). However, due to the low activity and stability, the application of these enzymes is not popularized in manufacture of commercial products.
In our previous study, the β-1,3-1,4-glucanase gene from Bacillus subtilis MA139 was cloned and heterologously expressed in E. coli BL21 ). However, the produced protein formed inclusion bodies and was not able to be secreted out of the bacterial cells. In this study, the β-1,3-1,4-glucanase gene was de novo synthesized according to the codon bias of Pichia pastoris and overexpressed in P. pastoris X-33.
Material and methods
Strains, vectors, and chemicals P. pastoris X-33 and pPICZαA (Invitrogen, San Diego, CA) were used in this experiment. Yeast extract and peptone were purchased from Oxoid (Hampshire, England). All other chemicals not specifically mentioned were of analytical grade and commercially available.
Construction of the P. pastoris expression plasmid
The cDNA sequence of B. subtilis MA139 β-1,3-1,4-glucanase was cloned in our previous study ). According to the codon bias of P. pastoris (Zhao et al. 2000) , the wild type β-1,3-1,4-glucanase gene was optimized without amino acid alteration. The optimal β-1,3-1,4-glucanase gene glu-opt was de novo synthesized by the Sangon Biotechnology Company (Shanghai, China), in which EcoRI and XbaI sites were also designed at both ends. After double-digestion with EcoRI and XbaI, the synthetic DNA fragment was inserted into the vector pPICZαA followed by transformation into host E. coli DH5α. The recombinant plasmid, pPIC-glu-opt, was confirmed by restriction digestion and DNA sequencing analysis.
P. pastoris transformation and screening
About 10 µg of pPIC-glu-opt was completely linearized by SacI (New England Biolabs) and purified by a UNIQ-10 Column Collection Tube Kit (Sangon, Shanghai, China). The purified DNA was transformed into P. pastoris X-33 by a GenePulser Xcell TM (Bio-Rad, USA) under the condition of 2,000 V, 25 µF, 200 Ω and 5 ms. The transformants were cultured on YPDS plates (2% peptone, 1% yeast extract, 2% dextrose, 1 M sorbital and 1.5% agar) with 100 µg/mL of zeocin for 72 h at 30
• C. Genomic DNA of the recombinant yeast was extracted by the Yeast Genomic DNA Extract Kit (Tiangen, Beijing, China) and used as a PCR template. The foreign gene glu-opt was amplified with the primers Glu-opt-F (5'-CGGAATTCCAAACTGGTGGTTCCTTC-3') and Glu-opt-R (5'-GCTCTAGATTACTTCTTAGTGTA-3') with the procedure of denaturation at 94 
Cultivation in shaker flask
Transformant was inoculated into 25 mL buffered glycerolcomplex medium (BMGY; 1% yeast extract, 2% peptone, 100 mM potassium phosphate (pH 6.0), 1.34% YNB, 4 × 10 −5 % biotin, 1% glycerol) and cultured at 250 rpm and 30
• C until the culture medium reached an OD600 of 2-6. The cells were harvested by centrifuging at 3,000 rpm for 5 min at room temperature. The cell pellet was re-suspended in buffered methanol-complex medium (BMMY; using 0.5% methanol instead of 1% glycerol in BMGY medium) to an OD600 of 1.0 and cultured in a 250-mL flask at 250 rpm under 30
• C. Inductive expression was carried out with the addition of methanol (0.5%, v/v) per 24 h at 30
• C lasted for 3 days.
Enzyme activity assay
The activity of recombinant β-1,3-1,4-glucanase was assayed by the 3,5-dinitrosalicylic acid method as described by Lu et al. (2003) . The reaction containing 2 mL 0.8% (w/v) barley β-glucan solution (Sigma, St Louis, MO) and 2 mL recombinant β-1,3-1,4-glucanase (diluted by 0.1 M Na2HPO4-citric acid buffer, pH 6.4) was carried out at 40
• C for 30 min. One unit of the recombinant β-1,3-1,4-glucanase activity was defined as the amount of enzyme required to liberate 1 µmol of reducing sugars from the barley β-glucan solution per minute at 40
• C and pH 6.4.
Genetic stability of P. pastoris transformant
To determine the stability of the heterologous gene, the P. pastoris transformant was incubated successively on BMGY medium for 20 transfers. After 24 h of growth, 0.1 mL of the final culture aliquot was inoculated in 10 mL medium for the next round of growth. The activity of the recombinant β-1,3-1,4-glucanase was determined after each round. The presence of the foreign gene glu-opt was also analyzed by colony PCR using Glu-opt-F and Glu-opt-R as the primers.
High cell-density cultivation
The yeast transformant with the highest β-1,3-1,4-glucanase activity was cultured in a 1-L baffled flask containing 100 mL of BMGY medium at 250 rpm and 30
• C. After 24 h of culture, cells were pelleted and transferred into a 10-L fermentor (Baoxing, Shanghai, China) containing 4 L of BMGY medium and grown at 30
• C. The fermentation process was divided into four phases: (a) growth with initial glycerol (0-22 h); (b) fed-batch (23-40 h), feeding 50% glycerol (60 mL/h) into the fermentor; (c) starvation for consuming glycerol (41-44 h); and (d) induction (45 h -final); the methanol feed rate was 12 mL/h for the first 2-3 h, 24 mL/h for another 2 h, and then 30 mL/h until the end. The entire methanol fed-batch phase was maintained by the dissolved oxygen concentration above 20%. The culture pH value ranging from 5.0 to 5.5 was automatically adjusted by the addition of ammonium hydroxide. Protein in the supernatant was detected by 12% SDS-PAGE. The supernatant was dialyzed against to Na2HPO4-citric acid buffer (pH 6.4) using Snakeskin TM pleated dialysis tubing (Pierce, Rockford, IL, USA) at 4
• C for 24 h. Protein concentration was measured using Micro-BCA Protein Assay Reagent (Pierce, USA).
Determination of optimal pH and stability To determine the optimum pH for enzyme activity, the recombinant β-1,3-1,4-glucanase was assayed at pH values ranging from 4.0 to 10.0 in 100 mM Na2HPO4-citric acid buffer (pH 4.0-8.0) and 100 mM glycine-sodium hydroxide buffer (pH 9.0-10.0). For pH stability determination, the recombinant β-1,3-1,4-glucanase was incubated in the different buffer solutions for 1 h at room temperature, and the residual activity was measured using standard assay conditions.
Determination of optimal temperature and heat stability The optimal temperature for enzyme activity was determined by incubating the enzyme for 30 min at temperatures ranging from 20 to 80
• C in 100 mM Na2HPO4-citric acid buffer (pH 6.4). For the determination of thermal stability, the recombinant β-1,3-1,4-glucanase was incubated at temperatures ranging from 40 to 80
• C for 2, 5, 10, 30, 60 and 120 min, respectively. Samples were withdrawn after different time intervals and immediately cooled in an ice bath. The residual activity of each sample was determined under standard assay conditions as described above.
Determination of kinetic parameters
The Km and kcat values for the recombinant β-1,3-1,4-glucanase were calculated from Lineweaver-Burk plots derived from the activity assay at 40
• C in Na2HPO4-citric acid buffer (pH 6.4) with 0.08-0.8% (w/v) barley β-glucan as the substrate.
Effects of chemical reagents on the recombinant β-1,3-1,4-glucanase activity To investigate the effects of different metal ions and chemical reagents on the recombinant β-1,3-1,4-glucanase activity, FeSO4, CuSO4, MnSO4, ZnSO4, KI, Na2SeO3, Na2MoO4, NaCl, KCl, MgCl2, CaCl2, CoCl2, EDTA, arginine and sucrose were individually added to the reaction solution at a final concentration of 10 mM. The residual enzyme activity was measured using the standard assay.
Results

Codon optimization of β-1,3-1,4-glucanase from B. subtilis MA139
The β-1,3-1,4-glucanase gene is composed of 645 nucleotides and encodes for a protein of 24.1 kDa ). According to the codon bias of yeast P. pastoris, 135 nucleotides of β-1,3-1,4-glucanase gene were replaced. The synthesized gene glu-opt showed 77.52% similarity to the wild type β-1,3-1,4-glucanase gene glu (Fig. 1) .
Glu-opt gene expression in P. pastoris In this study, an inducible expression vector pPICZαA of P. pastoris was used, in which the foreign protein was secreted as directed by α-mating factor of S. cerevisiae. The synthetic DNA fragment was ligated into pPICZαA multiple-clone site, downstream of Kex2 and Stem13 sites to obtain the recombinant protein without α-mating factor. The transformants obtained through zeocin selection were confirmed by genomic PCR analysis (data not shown). Eight transformants selected randomly were cultured in shaker flasks and induced with methanol for 3 days. The results showed no significant differences in β-1,3-1,4-glucanase enzyme activities. To determine the stability of the foreign gene, the transformant containing recombinant glu-opt gene was successively cultured in BMGY medium for 20 generations. After 20 successive generations of culture, the strain expressing the recombinant β-1,3-1,4-glucanase has good genetic stability as assessed with PCR, and no significant difference in enzyme activity was detected (data not shown).
After methanol induction for 3 days in shaker flask, the highest activity of the recombinant β-1,3-1,4-glucanase in supernatant reached 398 U/mL for barley β-glucan. When the recombinant β-1,3-1,4-glucanase was overexpressed using batch cultivation in a 10-L fermentor, the enzyme activity was detected in the supernatant with a yield of 15,000 U/mL for barley β-glucan, and the biomass reached 220 g/L after induction for 4 days (Fig. 2) . The enzyme concentration in the activity assay was about 50 ng/mL after dilution with Na 2 HPO 4 -citric acid buffer. Protein concentration of the dialyzed supernatant was determined with a yield of 5.0 mg/mL. The specific activity was about 3,000 U/mg against barley β-glucan.
SDS-PAGE analysis showed that a recombinant protein, approximately 31 kDa, was secreted into the culture medium (Fig. 3) . The difference between the actual size and predicted molecular weight 24.2 kDa (predicted with DNAMAN software, Lynnon Biosoft, version 5.2.2) was possibly due to glycosylation of the polypeptide chain.
Characterization of the recombinant β-1,3-1,4-glucanase
The optimal pH values of the recombinant β-1,3-1,4-glucanase are presented in Figure 4 . Within the range of pH 5.4 to 7.4, the β-1,3-1,4-glucanase exhibited highly catalytic activity. Under conditions of pH 5.4, nearly 70% activity of the enzyme was observed compared with the optimal pH buffer. In nearly pH 8.0, the β-1,3-1,4-glucanase showed very low activity. In order to determine the enzyme pH stability, the recombinant β- -1,3-1,4 -glucanase. pH optimum was determined by measuring the relative activity using Na 2 HPO 4 -citric acid buffer (pH 4.0-8.0) and glycine-sodium hydroxide buffer (pH 9.0-10.0) at 40 • C. The pH stability was determined by measuring the residual activity after 1-h incubation at room temperature using the buffers above. All determinations were repeated in triplicate. ( ) pH optimum; (•) pH stability. 1,3-1,4-glucanase was incubated in buffer with pH values ranging from 4.0 to 10.0 for 1 h at room temperature. The residual enzyme activity was assayed at 40
• C and pH 6.4. Overall, the β-1,3-1,4-glucanase was relatively stable in the pH range of 4.0 to 10.0 (Fig. 4) .
As shown in Figure 5 , the optimal temperature of the recombinant β-1,3-1,4-glucanase was 40
• C. The relative activity was no more than 10% at 70
• C compared with the maximal activity. To determine the temperature stability of the enzyme, the residual activity was measured at 40
• C and pH 6.4 after the enzyme was maintained at the temperatures ranging from 40 to 80 Compared with the standard enzyme activity, the recombinant β-1,3-1,4-glucanase activity declined to 0, 39%, 88% and 85% when CuSO 4 , MnSO4, Na 2 MoO 4 and EDTA were added to the reaction mixture. However, the values increased to 113% and 114% when NaCl and KCl were added to the reaction mixture, respectively (Table 1) . Discussion P. pastoris is an available expression system suitable for the production of large quantities of proteins for both elementary laboratory study and industrial production (Macauley-Patrick et al. 2005) . The bias of codon usage has been demonstrated to be related to gene expression level (Sharp & Li 1986) . In our previous studies, expression level of enzymes, such as β-mananase and β-xylanase, could be significantly increased by codon optimization (Cao et al. 2007; Chen et al. 2009 ). In this study, the optimized gene glu-opt coded for B. subtilis MA139 β-1,3-1,4-glucanase was overexpressed with a yield of 15,000 U/mL in a 10-L fermentor. To our knowledge, the expression of this β-1,3-1,4-glucanase from Bacillus sp. in P. pastoris is in relatively high level compared to previous reports. The yield of the recombinant β-glucanase was higher than those by previous studies. A β-1,3-1,4-glucanase from Bacillus licheniformis was expressed with a yield of 256.7 U/mL in P. pastoris (Teng et al. 2007 ) and a truncated β-1,3-1,4-glucanase from Fibrobacter succinogenes was produced with a yield of 1,940 U/mL in P. pastoris (Wen et al. 2005) . The characterization of the recombinant β-1,3-1,4-glucanase was studied in a detail. Comparison with the properties of the β-1,3-1,4-glucanase expression in E. coli , no significant differences in optimal pH, optimal temperature and stability were observed.
In conclusion, the B. subtilis MA139 β-1,3-1,4-glucanase gene was optimally designed and efficiently expressed in P. pastoris. The biochemical properties of this recombinant β-1,3-1,4-glucanase from B. subtilis MA 139, including optimal pH, optimal temperature and stability, were characterized in detail. These properties suggest that this enzyme could be applied in the feed or brewing industries. Further studies will be focused on pilot scaled-up fermentation of the P. pastoris expressed recombinant β-1, 3-1,4-glucanase. 
